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Dynamics of On-Orbit Construction Process 

K.C. Park 

This study looks at three aspects of on-orbit construction: perturbations of the orbiter due to changes in configuration of the 
structure being deployed, the effects of flexibility on the dynamics of the orbiter and the deployed structure, and interaction 
dynamics of the structures being assembled. Once the interaction dynamics are understood, appropriate strategies for control 
and maneuvering of manipulators can be formulated. 


Interaction Dynamics and Control for Orbital Assembly 

Renjeng Su 

Building structures and spacecraft in orbit will require technologies for compliant contact of subassemblies. Satisfactory 
compliant contacts must be secured for various joining operations to take place. Compliant interactions between mechanical 
structures may be defined by the dynamics of position and contact forces. The basic problem here is how to use active and passive 
control mechanisms to achieve stable interactions and a specified level of compliance. Results will be presented on stability 
analysis, compliance control design, and steady-state contact dynamics specification. 


Controls for Orbital Assembly of Large Space Structures 

Mark Balas 

To assemble large space structures, on-orbit control algorithms must deal with the berthing of flexible substructures while 
maintaining stability and meeting basic performance goals. No doubt these operations will be carried out with the aid of flexible 
robot manipulators. Controlling such complex dynamics will require reduced-order model-based algorithms for rapid response; 
however, stability is easily compromised by interaction with unmodeled dynamics. Analytical and numerical results will be 
presented in three areas: the stable berthing of actively controlled substructures; direct model reference adaptive control of 
distributed flexible structure models; and control design for flexible structures with slow actuator dynamics. 


Structural Load Control During Construction 

Martin Mikulas 

For many large space structures, the major design loads can occur during the construction phase or during subsequent 
maintenance or augmentation operations which involve moving large masses. In the absence of gravitational loadings, all major 
loadings on space structures are transient in nature, unlike the traditional static loadings associated with Earth structures. This 
fact requires the introduction of concepts for structural elements designed to absorb load impulses. This talk will present a new 
strut concept for a "fuse" in the structure which can release at prescribed levels of loading and return to the nominal position at 
a controlled rate after the loading has passed. A discussion is presented of the general application of the strut to several space 
structures, including the recent Space Shuttle thruster pressure blast on the Space Station solar arrays. 


Systems Engineering Studies of On-Orbit Assembly Operations 

George W. Morgenthaler 

Systems engineering studies of orbital assembly operations at CSC focus on the issues of subassembly partitioning, packaging 
and delivery to LEO, cost trade-offs, operation simulation, analysis of interruptability and constructibility, and expert systems 
for construction sequence planning and evaluation. A simplified cost trade-off model will be presented which relates size of 
Heavy Launch Lift Vehicles, number of subassemblies to be delivered to LEO, and the probability of mission success. 


Expert Systems for Assembly Sequence Evaluation 

Steve Jolly 

Complexity of orbital assembly will ultimately stem from the actual physical properties and behavior of the delivered 
subassemblies. To reduce this complexity it is desirable to launch the largest possible pre-integrated, pre-assembled, pre-tested 
subassemblies, while simultaneously conforming to launch vehicle, construction tool and resource constraints. A simulation 
model which combines numerical and symbolic engineering knowledge with heuristic reasoning will be presented. The main 
function of this model is to decompose a representative SEI "Phase A" space vehicle into deliverable orbital subassemblies. The 
model employs state-of-the-art constraint propagation techniques developed at Stanford University for terrestrial construction 
to create a potentially powerful space research tool. Simulation results will be presented. 



Lunar Regolith and Structure Mechanics 

Stein Sture 

Lunar regolith is unlike terrestrial unconsolidated soils. Its unusual strength and stiffness properties simplify design and 
construction of embankments, shielding structures and foundations, but make it more difficult to perform excavations and cuts 
than on Earth. In this presentation we focus on construction of regolith-structure facilities, and characteristics of scale-model 
experiments. Fundamental mechanical properties of regolith and density variations on the lunar surface are also described. 


Indigenous Lunar Construction Materials 

Wayne Rogers 

The utilization of local resources for the construction and operation of a lunar base can significantly reduce the cost of 
transporting materials and supplies from Earth. The present study is an investigation of the feasibility of processing lunar 
regolith to form construction materials and structural components. A scenario will be presented which integrates a processing 
method with the design for a lunar base shelter and potential construction techniques. 


Design Concepts for Pressurized Lunar Shelters Utilizing Indigenous Materials 

John Happel 

Two design concepts for pressurized lunar shelters are presented together with an in-depth analysis of primary and secondary 
load conditions and arguments for the utilization of cast basalt as the principal construction material. The first design is 
comprised of cast cylindrical segments which are post-tensioned in the longitudinal direction. The second design is based on 
arch-slabs and post-tensioned ring girders which are also post-tensioned longitudinally to create a structure dominated by 
compression. Construction sequences are outlined for rapid assembly of the two pressurized shelters. 


Configuration Optimization of Space Structures 

Carlos Felippa 

The suitability of Kikuchi's homogenization method for the configuration-shape-size optimization of space structures is 
investigated. A "design domain block" filled initially with finite elements is gradually "sculpted" into an optimal structure. This 
new method promises to be a powerful tool in helping the conceptual designer. We focus on its application to planetary 
structures. 


Telerobotic Rovers for Extraterrestrial Construction 

Jim Avery 

Robotic rovers will play a crucial role in extraterrestrial construction. They will substitute for humans in many operations such 
as surveying, sensing, signaling and load handling. Rover systems must be versatile so that they can perform a wide variety of 
jobs, and robust to parts failures. To this end, the ideas of software modularity and multi-robot coordination are being 
investigated. The current focuses include the development of three telerobotic platforms, infrared positioning systems, and a 
4-degree-of-freedom manipulator. Design concepts and telerobotic development will be presented. 


Lunar Surface Structural Concepts and Construction Studies 

Martin Mikulas 

A preliminary design for a heavy lift crane capable of positioning 30,000 kg masses on the surface of the moon will be presented. 
This crane will enable remote or autonomous precision positioning of large masses without the manual aid of astronauts. The 
crane concept makes use of three cables instead of one to maintain positive, precise control of the payload. The presentation will 
include crane mass, stiffness, and control, and will describe an ongoing experimental program to evaluate the concept. 
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The Purpose of Space Construction Enaineerin 
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Characteristics Of Space Construction 
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Orbital Structures and Systems 
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Technical Challenges of Orbital Construction 



CD 

<D 


O 

3 

v. 

0?) 

O) 

c 


o 

> 

0) 

■o 

c 

(0 

(0 

o 

■ BM 

E 

(0 

c 

■o 

c 


o <0 

■mb ka 


v> 

o 

■o ■■ 

2 c 
E <d 

3= | 

? f 

■S o- 

(0 <D 


(0 

w c 
>* o 
(0 O 
c 

< ' 


+5 C 

w .2 

E S 

o d 
(/> i: 

>* Vi 

OT § 
■ o 


C 

a> 

E c 

q. o 

■ MB SMB 

o) 2 

•E «5 

2 ° 
o 2 
S o 

Vi 

?! 

(0 x 

0) H= 

II 

ii 

3 3 
< (0 


(0 

E 

(0 

• I^B 

c 

CO 

o 

CD 


CM 


CO 


Vi 

a> 

o 

• Ml 
> 
a> 
■a 


CD 

a> 

CD 

CD 

0) 

o 

o 


co 

CD 

0) 

o 

• MB 
> 
fl> 




5. Experimentation: 

- Earth-based and space-based methods 

6. Testing and Maintenance methods and facilities 



CSC Orbital Construction Tasks 
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4. Mechanisms: 

- Passive/active load control mechanisms //* 



Lunar Structures and Systems 
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Technical Challenges Of Lunar Construction 
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Space Construction: A New Engineeing Culture 


CO 

■ MB 


O) 


o 

IH 

l 


o 

o 

o> 

__ 

ka 

0) 

0) 

> 

E 

0) 

o 

T3 


fl) 

9^m 

c 

£ 

0) 


■o 

O 

V- 

3 

a> 

o 

0) 

*2 

Q. 

3 

c 

O 

3 

o> 

C 

(0 

c 

• Mfll 

>» 


A 

O 

a> 

c 

T3 

O 

N 

5) 

■^■i 

c 

a> 

o 

o 


(0 

5: 

(5 

o 


c 

o 

< 





and maintenance 



CSC - A Miniature Of The New Culture 
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Problem Statement and Motivation 
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Dynamics of On-Orbit Structural Construction 
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And, finally, to assist the designers of “structural-structural rendezvous 
mechanism devices in the evaluation of candidate devices. 





Conduct the orbital perturbation effects of the shuttle due to rendezvous/disen 
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Develop simulation modules for others to use for the study of in-space construction 
procedures. 




Findings and Discussion 
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Future Activities and Anticipated Results 
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Frequency Variations During Manuevering of SRMS 



UJ ‘ 31 EinpJOCQ - X 


How effective can linear control strategies be for changing frequenci 
mode shapes? 
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SPACE STATION 
FREEDOM 

First Element Launch ASSEMBLY SEQUENCE 




MB-1 



McDonnell Douglas • GE • Honeywell • IBM • Lockheed 






MB-2 
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Space Station Freedom 









THE SEGMENTS 



Space Station Freedom 



Librational Motion of a Space Shuttle 

• 100 minutes circular orbit 

• (-fxx -Lz )/lyy = f 

• Initial Disturbance: cu l = cu 3 = 0 ,u 2 = —0.105 deg/s 



Fig. 1 Orbiting Space Shuttle with MRMS 



True AnomaJy, (rad) 

Fig. 2 Three Dimensional Librational Response 




Librational Motion of a Space Shuttle 


• I xx /I yy = 0.958. I zz /I xx = 0.126 

• (1) Initial pitching, rolling, yawing angles = 10 deg. 

• (2) Initial pitching, rolling, yawing angles = 25 deg. 



Fig. 3 Librational Response of a Space Shuttle Under Small Disturbances 
Pitching Angle = Rolling Angle = Yawing Angle = 10 degrees 



Fig. 4 Librational Response of a Space Shuttle Under Small Disturbances 
Pitching Angle = Rolling Angle = Yawing Angle = 25 degrees 















Maneuvering of Shuttle Remote Maneuverno Systems (SRMS) 


Properties of SRMS: 

• Weight = 410 Kg 

• Length = 15 m 

• Cross Section Area = 0.0022 m 2 

• Young’s Module = 1.27 X 10 11 Pa 

• Shear Module = 3.18 X 10 10 Pa 

• Density = 1.2 X 10 4 Kg/m 3 

• Tip Maneuvering Speed (without payload) = 0.6 m/s 



elbow ccrv 
4 pan/tictunt 
(OPTIONS) 

\ 


wrist ccrv 

4 UGhT 

WRIST PITCH 

JOINT WRIST YAW 
JOINT 

LOWER ARM 
BOOM 


ENO EFFECTOR 


MPM - UPPER ARM 


UPPER ARM 
•OOU 


JETTISON SUBSYSTEM 



WRIST 
ROLL JOINT 


MAL - WRIST 

MPM - WRIST 


MRL - LOWER ARM 

MPM - LOWER ARM 


ELBOW PITCH JOINT 
MRL - UPPER ARM 


SHOULDER BRACE 
SHOULDER PITCH JOINT 


SHOULDER 
TAW JOINT 


MPM • MAN I PULA tor POSITIONING MECHANISM 
MRL - MANIPULATOR RETENTION LATCH 

NOTE RMS JETTISON INTERFACE IS AT BASE 
Of MPM ON LONGERON 








Acceleration, m/s A 2 Distance, 


CONTACT/IMPACT OF 2 RIGID BALLS 


ml = 5 kg, m2 = 2 Kg 

1) vl = 0.2 m/s, v2 = - 0.1 m/s 

2) fl = 0.01 N, f2 = - 0.008 N 

3) vl =0.1 m/s, v2 = - 0.05 m/s, fl = 0.01 N, f2 = -0.001 N 


























Velocities, m/s & rad/s Displacements, 


Tip Trajectory of Rigid & Flexible SRMS 

























































































































Forces, Newton Velocity, m/s 


xlO' 4 Contact Velocity of SRMS & Payload : X - axis 



Contact Forces of SRMS & Payload : X - axis 




























Forces, Newton Velocity, m/s 


X 


1-3 


10 


Contact Velocity of SRMS & Payload : Y -axis 



Contact Forces of SRMS & Payload : Y -axis 



Time, sec 


25 














Velocity, m/s 


xlO 4 Contact Velocity of SRMS & Payload : Z - axis 



Contact Forces of SRMS & Payload : Z - axis 
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Dvnamics and Control Problems 



passive • COITiplian 

mech. J contact 





BASIC PROBLEMS 




0 > 

> 

O 



cvi 


i 






Admittance model of the manipulator. 



FkOVMdt 


20 


Condition for manipulator passivity 




Fe(t)V e (t)dt 


>0 


Condition for environmental passivity 



i 





A Simple Example 





2. Torque loop 

3. Impedance 
shaping 





Removal/insertion of a misaligned module. 



ORIGINAL F-C»C iS 
OF POOR QUALITY 











6m L>.e, 

1 K s 

J B, 


Model of a "typical" actuator. 


Parameter 

Value 

Units 

Motor Inertia, J m 
(reflected to output side) 

0.0934 

kg-m 2 

Motor Viscous Damping, B m 
(reflected to output side) 

3.4 

N-m/(rad/s) 

Harmonic Drive Stiffness, K s 

1600 

N-m/rad 

Load Viscous Damping, Bj 

0.7 

N-m/(rad/s) 

Representative Load Inertia, Jj 

0.64 

kg-m 2 

Gear Ratio 

100:1 

N/A 




Representative Actuator Parameters 











Moderate fidelity model of PD position-controlled actuator. 



Frequency, Hz 

Minimum total energy delivered to the system over 1 second for a 1 N-rn 
amplitude sinusoid disturbance torque (100 Hz bandwidth torque loop, 100 Hz 
bandwidth sensor dynamics, 1000 Hz bandwidth amplifier dynamics, 200 Hz 

sample rate, Kp=116, Kv=12.5) 




















0.06 



Real Axis 

Nyquist diagram of the admittance response for the PD position-controlled 
actuator (sampling and ZOH modeled by time delay of half the sampling period) 



Real Axis xlO-4 

Nyquist diagram of the admittance response above 50 Hz for the PD position- 
controlled actuator (sampling and ZOH modeled by time delay of half the 

sampling period). 






Standard Hoc minimization problem. 






Phase, deg Magnitude, dB 



Frequency, Hz 



Frequency, Hz 


Achieved (solid line) and target (dashed line) admittance responses for example Hoo design using 

Ki(s). 


























































































Conclusions 
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De-centralized Control for Flexible Multi-body Systems 

Local and Global Control 
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Reduced-Order Model-Based 
Controller Desian 
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ROM/RMF Control of Large Flexible Structures 

Flexible Structure 



one filter for each unstable residual mode. 

R M.F. interrupts the control loop around all unstable 
residual modes; R.O.M control input is screened. 

R.M.F. compensates for C.S.I., insuring system stability. 










Residual modes 
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DPS + Rom Controller —► unstable (q modes) 

DPS + ROM Controller + RMF —► exponentially stable 





LSS Active Control Simulation 

(Ralph Quarh 



dim z = s small 
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Space Crane Under Small Angle Rotation without Compensation 
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Figure 3 : Flexible Robot Manipulator at Martin Marietta 
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Figure 10 : Hub Position With CSI Compensatio n 
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Testbed Concept Has Thin Facesheet 
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Figure 4. The adaptive, self-tuning RMF. 







Figure 3-1. The structure of the adaptation mechanism 













RDM/RMF with actuator/sensor dynamics 











Modifications For Nonlinear 
ROM/RMF Control jmaai99i 


















Direct Adaptive Control 









Strain Gage (volts) 
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Decentralized Controller Design 
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RMF Compensation for Stable Control 

Residual Mode Filter (RMF)_ 
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EXAMPLES OF HIGH TRANSIENT LOADINGS ON 
LARGE SPACE STRUCTURES 



Side Loads Shuttle Accelerations Applied 

From Tethers to Attached Beam 





ENERGY ABSORBING/LOAD LIMITING STRUT 



SCOPE OF RESEARCH ON ENERGY 
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( err* 

Cooperative agreement made with Honeywell to co-develop 
an energy absorber 




ENERGY CHARACTERISTICS OF CANTILEVERED 

TRUSSES WITH A TIP LOAD. 







TEN BAY LONG RESILIENT TRUSS EXAMPLE 



b) Deformed Truss 




STORED ENERGY CHARACTERISTICS OF 
ONE METER DEEP TRUSS. 



i 


a) Strain energy stored in b) Energy absorbed by 

regular truss (50 in-lb) resilient truss (2300 in-lb) 




ENERGY ABSORBING POTENTIAL FOR 10-BAY 

5-METER DEEP TRUSS 





SCHEMETIC OF ENERGY ABSORBING STRUT 
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NEAR LOAD AND MOTION CONTROL ACTUATOR 

(Energy Absorbing Strut) 









RIGID BODY RESPONSE OF A SOLAR ARRAY TO THE 
SHUTTLE THRUSTER PRESSURE IMPINGEMENT. 
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SOLAR ARRAY PIECEWISE LINEAR RESPONSE 








SOLAR ARRAY CHARACTERISTICS 
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Truss bending stiffness 

-—^ El = .43x El(theoretical) 

30.4” -► = 98 lb-in A 2 (Tom Irvine) 





Array input quantities 


tp = .75 sec 

Plume pressure = .0002 psi 
Total load on array = 104 lbs 



SOLAR ARRAY RESPONSE FROM FINITE 

ELEMENT ANALYSIS 
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12 BAY ENERGY ABSORBING TEST BED 

( Beam Length = 27.83’) 



Beam Weight = 75.47 lb Beam Frequency = . 5 Hz 




BAY ENERGY ABSORBING TEST BED DYNAMICS 

( Beam Length = 27.83') 
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NEW AERO-LAB WITH 12-BAY TEST BEAM 

Loading Cable 



CONTROL ROOM 
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Large scale experiments are needed to demonstrate 
the application of these devices 
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The Theory of Space Construction 
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Center for Space Construction 

Constructability Definition 










Center for Space Construction 

Theory of Space Construction 
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• Need HLLV Vehicle Requirements Model 
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HLLV Config: 5 
Fairing: ECA 
Payload Mass: 62 T 
(Cargo Frame Mass: 14.3 T) 



HLLV Config: 1 
Fairing: NCA 
Payload Mass: 102 T 
(Cargo Frame Mass:13.3 T) 



HLLV Config: 5 
Fairing: EGA. 

Payload Mass: 116.5 T 
(Cargo Frame Mass: 15.2 T) 



HLLV Config: 5 
Fairing: ECA 
Payload Mass: 93 5 T 
(Cargo Frame Mass: 26.7 T) 



HLLV Config: 6 
Fairing: LMCA 
Payload Mass*: 145 T 
(Cargo Frame Mass: 18.9 T) 



Titan IV Configuration 
Payload Mass: 19.9 T 
(Cargo Frame Mass: 5.7 T) 


' 38.5 T of TMI Topoff Required Per Tank 


Figure 3-5 Initial HLLV Cargo Delivery Manifests 















Figure 3-6 Subassemblies for Delivery to Low-Earth Orbit 
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Figure 1 Launch Costs in Order ol Performance (U.S. Launch Vehicles) 
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Figure 6 

Performance of Shuttle Derived Launch Vehicles 
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(Millions) 1 

Pounds to LEO iKc to LEO 1 

Cost/Kc (thousands) 
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44.091 

Scout II 
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1 500001 

631821 

3.52 


Shuttle 2 
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Titan IV/Cent 
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Shuttle 1 
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Shuttle 2 
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247211 

8.09 


Shuttle 3 1 


3451 

3036001 

1380001 

2.50 


Shuttle 4 | 


200( 

3036001 

1380001 

1.45 



Note: There are (our Shuttle data entries here because the Shuttle is the only one of these launch vehicles 
whose payload compartment, the Oroiter, is recoverable and reusable. This makes it difficult to 
compare it with expendable launch vehicles. Saturn V data are from Ref. 11. 

Shuttle i this is the data entry for the standard Shuttle from Ref. 10. 

Shuttle 2 this entry shows a reduction of the cost of the Shuttle launch vehicle' by an estimate of the 
cost of the Orbiter, which is assumed to be replaced by a fairing. The amortized cost used was 
the $4.1 billion Orbiter cost divided by a 23 launch utilization lifetime. i.e., approximately 
$145 million per launch, reducing the $345 million to S200 million per launch. 

Shuttle 3 this entry keeps the S345 million cost per launch of the Shuttle but assumes that the Orbiter is 
replaced by a payload bay. The LEO delivery weight is thus (24.721 + 113,279) - 138,000 kg. 

Shuttle 4 this entry shows a reduction of the per launch cost by $145 million and an increase of the 
payload delivered to LEO to 138,000 kg. 

Figure 7 includes a 'rectangle of uncertainty* with the Shuttle entries at the four corners. 
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Figure 7: Cost vs. Pounds to LEO (100 nmi @ 28.5 deg) 
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Useful" Volume vs. Payload 
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NUMBER OF PAYLOADS NEEDED 


N L (w) = CW 0 /w] + (1/2){1 + sgn(W 0 /w - [W 0 /w])} sgn(W 0 /w - [W 0 /w]) 

N V (w) = [V 0 /Vh(w)] + (1/2){1 + sgn(V 0 /V H (w) - [V 0 /V H (w)])} x 
sgn(V 0 /V H (w) - [V 0 /V H (w)]) 


N(w) = Max (Nl(w), Ny(w)} 


LAUNCH VEHICLE RELIABILITY 


Then the probability of a successful launch to LEO, i.e. not more than h units out 
of n failing, is 


h 

(12) P n (n-h) = I (n!/(n-j)!j!)p n iq), 

i-o 

If we let r be the conditional probability that an engine fails catastrophically, 
given that it fails, then 

U3) q = qr + q(l-r), 

where q(l-r) = probability of that an engine fails, but not catastrophically. 

Hence, 


(14) 


P n (n) = p n q°(l-r)° = p n 
P n (n-1) = np n *lq(l-r) + p n 
P n (n-2) = (n(n-l)/2)p n * 2 q 2 (l-r) 2 + np n - 1 q(l-r) + pn. 
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Figure 10. Launch Vehicle Reliability as a Function of Clustered Rockets 

(p = 0.96, r = 0.25) 
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Figure 11. Launch Vehicle Reliability as a Function of Clustered Rockets 

(p = 0.98, r = 0.25) 







MAKING THE LAUNCH WINDOW? 


U N = N(w) payload deliveries are needed to assemble the spacecraft 
ana if time for up to j additional launches is included in the schedule to 
compensate for up to (j - 1) launch failures, then, assuming no political 
launch hiatus after any failure. 


P* = pTmake launch window] _ v ■ v ' 

1 in ; extra launches J " P T C i P l H - c * P lV q" + • 


.. +C 


N-'-l 


p iV q J 


where 

r.M+H (N+i-l)(N+i-2). . .(N) vr . 

P‘ q l = ----p iV q l 


is the negative binomial density which gives the probability that the Nth 
success is achieved precisely at the (N -r i )th launch. 


LIMITATIONS ON HLLV SIZE 


1. Limitations on the usable size and shape of payload bays and the limited 
deployability of space structures; 

2. Limitations on the size of propellant tankage domes (currently around 10 to 
15 meters in diameter) that can be built with current methods of metal 
forming, spinning, welding, etc; 

3. Limitations on the size of loads that can be transported by air, rail, truck, and 
barge; 

4. Limitations on the size of facilities and handling ability of cranes, transports, 
and "strongbacks'' at launch sites; 

5. Limitations on the safety considerations for handling and launching very 
large quantities of cryogenic or hypergolic propellants, particularly with 
respect to the population living in the local abort zone;* 

6. Limitations on the reliability of HLLVs that are made of a large number of 
clustered tanks; 

7. Limitations of cost and risk in concentrating too manv resources in a single 

launch of the HLLV. ' 
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ORBITAL ASSEMBLY EXPECTED COST MODEI 
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Figure 14: Total Expected Cost vs. LEO Payload Capability 
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Structural Design Concepts for Pressurized Lunar Shelters Utilizing 

Indigenous Materials: 

John Amin Happel, Kaspar Wiliam, Benson Shing 

1. Design Objectiue: 

Pressurized shelter built of indigenous lunar materials 


2. Scope: 

a. ) Structural Design w/ Lunar Conditions 

b. ) Review of Previous Concepts 

c. ) Selection of Indigenous Material 

d. ) Design Variables 

e. ) Design 1: Cylindrical Segments 

f. ) Design 2: Arch-Slabs with Post-Tensioned Ring Girders 


3. Lunar Conditions Which Impact Design: 

Primary Factors: 

* High Vaccuum; 

Pressure vessels 
Tension loads 
Primary design load 
1 atm. pressure = 1440 psf load, terrestrial loads = 150 psf 
100 ft. (30.5m) of regolith to balance pressure load 



* High Radiation; 

Radiation shielding required 
15 ft. (4.5m) regolith (or more?) 
Regolith excavation 




* Poor Soil Conditions for Anchoring Foundations; 

Regolith depth > 16ft (5m) most locations 
Tension anchors difficult 
"floating" structures 

i J 

* Very Remote Site; 

Setup & resupply expensive 

Indigenous materials permit rapid expansion 

Safety 

Speed & Simplicity 

Secondary Factors: 

Meteoroids (impact damage) 

Low Gravity (construction) 

Long Days and Nights (construction) 

Extreme Temperatures (sealants) 



4. Reuieiu of Preuiously Proposed Concepts: 

♦Chow, P.Y., Lin, T.Y. ; T.Y. Lin Assoc.; 1989 


30-O’ 



CROSS SECTION 



lrtfecif*ces first Chorged WiA Am 
Of Suitable Gases. Then Filled With 



FIG. 1. Pressurized Self-Supporting Membrane Structure (PSSMSj 

























*Yin, P.K., NASA 90 Day Study; 1990 
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Figure 1. - Elevation 
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Figure 2. - Typical Framing Plan 





















5. Rationale for Indigenous Materials: 

* Large structures need large quantities of materials 

* Permits rapid growth and expansion of activities; 

Reduces shipping costs 
Reduces time 

* Ship high tech equipment not structural mass 


6. Indigenous Material Choices: 

* Fused and Sintered Regolith, Bricks and Blocks; 

Easy to manufacture 

Low strength, highly heterogenous material properties 

* Lunar Glasses and Glass-Glass Composites; 

High strength 

Very promising still experimental 

* Lunar Concrete; 

Raw materials for aggregrate and cement available 
Mechanical properties well understood 

* Steel and other Structural Metals; 

Excellent mechanical properties 
Complicated, multi-step manufacturing process 
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Tension Compression Knowledge Raw Material Ease of 

Base Manufacture 




















































* Cast Basalt; 


One step manufacturing process 
Good mechanical strength properties 
Selected as primary construction material 

7. Cast Basalt Properties: 

Tensile strength: f t = 34.5 MPa (5,000 psi); 

Compressive strength: f c =538MPa (78,000 psi); 

Modulus of elasticity: E=100GPa (14E6 psi); 

Fracture toughness: Kc= 2 MPaVm , +/- 50% 

Mass density: 3 g/cm 3 (specific lunar weight= 31.2 lunar Ib/ft 3 ). 


Melting point: 1300°C 



8. Design Uariables: 

* Shelter sizing; 

large enough to contain Space Station Freedom modules 

* Loading conditions; 

Internal pressure-10 psi (0.069 MPa) 

Regolith shielding depth- 15 ft (4.5m) 

♦Constraints imposed by cast basalt; 

Brittle: 

Low tensile stresses 
Compression should dominate structure 
Post-tensioning 
Material hardness 

Maximum volume of single component- 70.6 ft 3 (2 m 3 ) 
Determined by casting process 

* Maximum moveable weight- 1,670 lunar lbs (44.5 kN) 

* Minimize use of imported materials; 

Minimize tensile reinforcement 

* Self-equilibrating structure; 

Tensile loads self-contained 
No arches, vaults, or domes 


* Minimize excavation 


9. Design One, Cylindrical Segments: 


Dimensions: 

Diameter* 23 ft (7m) 

Wall thickness=3 in. (7.6 cm) 

Total length= 60 ft (18.3m), forty segments 
Segment length= 1.5 ft. (46 cm) 

Floor thickness* 8 in. (20 cm) 

Leg width* 15 in. (38 cm) 

Segment mass * 2200 lunar lbs (6000 kg) 

Design Features: 

♦Positive; 

Pre-cast floor 

Passage for utilities 
Rapid assembly 
Readily expandable 
Only three components 
Minimal use of reinforcing 
Efficient 

‘Negative; 

Feasibility of casting basalt into large structural elements 

a. ) under lunar conditions 

b. ) mold design 

Uncertain crack and notch sensitivity of cast basalt 






Construction Sequence: 


1. Cast 40 segments, 2 end caps 

2. Smooth site, area= 33 x 60 ft (10 x 18m) 

or excavate a flat-bottomed trench, depth = 6.5 ft. (2m) 

3. Place two long guide-rail beams 

a. ) cast in segments 

b. ) cast in place 

4. Align rail sections and bolted together 

5. Place first cylindrical segment 

a. ) Insert eight tendons into ducts 

b. ) Install the gasket material 

6. Place following segment on rails 

a. ) advance tendons through the current segment 

b. ) repeat steps 5 & 6 until the last segment is in place 

7. Install end caps 

8. Post-tension tendons to pull entire structure tightly together 

9. Pressurize structure 

10. Bury the structure 

11. Fit out interior with partitions and utilities 














10. Design Two, flrch-Slabs with Post-Tensioned Ring Girders 
Dimensions: 

* Overall Dimensions; 

Height-18 ft (5.5m), Width * 23 ft (18m) 

Length= 60 ft.(18m) 

‘Slab Dimensions; 

Span- 76 in (193 cm), Edge thickness* 10 in (25 cm) 

Center thickness* 3 in (7.6 cm) 

‘Girder Dimensions; 

Span* 25 ft (7.6m), Width* 7 in (17.8 cm) 

Center depth* 36 in ( 91.5 cm), End depths* 12 in (30.5 cm) 

Design Features: 

‘Positive; 

Compression dominated 
Inherently safe design 
Crack growth limited 
Components utilize simpler molds 
Orthogonal expansion 
All surfaces flat 

‘Negative; 

Greater number of cast pieces 

More complicated construction sequence 

Much more reinforcement material needed 




Side View 





Construction Sequence: 


1. Cast; 36 arch-slabs, 40 girders, 2 end caps 

2. Level site 

3. Place first 2 floor girders 

a. )lay tendons beneath, 

b. )set slab between them 

c. ) repeat nine times 

4. Place end cap in position and brace 

5. Install 2 opposing wall slabs, 

a.) set ceiling slab on top 

6. Install first complete ring girder set 

a. ) wrap tendons around girder set 

b. ) post-tension first two tendons 

7. Repeat steps (5.) and (6.) nine times 

8. Install final end cap 

9. Install and post-tension longitudinal tendons 

10. Pressurize 

11. Bury 

12. Fit out interior 





11. Future Research: 

* Mechanical properties of cast basalt; 

a. ) fracture toughness & notch sensitivity 

b. ) distribution of tensile strength values 

* Feasibility of casting basalt into large structural elements 

* Gasket material and design 

* Additional design(s) under consideration; 

a. ) evaluate three designs 

b. ) select one for detailed design and testing 

* Develop FE predictive model for full stress analysis of final concept 

* Build and test 1/6 scale model in laboratory utilizing cast basalt or 

simulant materials 


12. Conclusions: 

1. ) Cast basalt selected 

2. ) Several designs are feasible 


3.) Additional research needed 
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Homogenization Method Steps 
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Proceed with Standard Finite Element Analysis. 



Example: 3D Mechanical Component Design 
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Element-Level Design Variables: MicroHole Dimensions 
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Forming a Homogenized Finite Element 





2-D Optimization Problem 
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Treatment of Volume Inequality Constraint 
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Algorithm for the Volume Inequality Constraint 
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Object Function Derivatives: Taking Advantage of Design Locality 
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Stiffness Variations 
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Schematics of the Optimization Progra 
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IMPLEMENTED; UNDER TESTING. 



Validation Problem (First Successful Solution) 
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Computational Issues 
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• Bus managers act as gateways between systems 

• Operators communicate with rovers over RF LAN 
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Positioning System: 



• Currently only ± 5 cm available 
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Position and Orientation 






























Centralized Control 





Modularized Control 



algorithms 

























cSc 



A NASA Space Engineering Research Center at the University of Colorado 




LUNAR SURFACE STRUCTURES CONSTRUCTION 

RESEARCH AREAS 
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- Deployable Solar Concentrator Reflector With Minimal 

Deployment Equipment 








LUNAR CRANE RELATED DISCIPLINES 




TYPICAL MOBILE CRANE HAS TWO MAJOR 
SHORTCOMINGS FOR LUNAR BASE APPLICATION 



Very large mass required to 2) Human guidance required fo 

resist tipping accurate positioning 



CANDIDATE CRANE CABLE SUSPENSION SYSTEMS 



3 DOF 
Stiffened by 
Triangulated 
Cables 






















NIST SIX-CABLE SUSPENSION CRANE 



James S. Albus 
1/15/85 




NUMERICAL EXAMPLE OF NATURAL FREQUENCY 



Distance e (in) 



COUNTER-BALANCED ACTIVELY-CONTROLLED 
LUNAR CRANE INCORPORATES TWO NEW 



Active Counter Weight ■ Multiple Payload Suspension 

1) to Reduce Overturning I 2) Cables to Provide Stable 

7 Moment I Precision Positioning 












LUNAR CRANE PENDULUM MECHANICS 
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Payload (M,I) 







































































SIMULATION RESULTS 










































CMG CONTROL SIMULATION RESULTS 
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Time (sec) Time (sec) 





















SIMULATION RESULTS 



Time (sec) r-. control 

(e) \ _ : No Control 






























































SLEWING SIMULATION RESULTS 



Time (sec) 



















ONE-SIXTH SCALE LUNAR CRANE TEST-BED 
USING G.E. ROBOT FOR GLOBAL MANIPULATION. 
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BASIC DEPLOYABLE TRUSS APPROACHES 
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Synchronously Deployable Truss 















COMPARISON OF ELEVATOR PLATFORMS 



Pantograph ■ Bi-Pantograph 









BI-P 



qi-ui ‘q/ia 


ees 









PERSPECTIVE OF BI-PANTOGRAPH BEAM 



i 



















BI-PANTOGRAPH SYNCHRONOUSLY 
DEPLOYABLE TOWER/BEAM 




Stowed 30 degrees 45 Degrees Fully Deployed 









LUNAR MODULE OFF-LOADING CONCEPT 
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Self-Positioning 
Regolith Auger 



















0 = 107.7°, B = 0 













MODULE OFF-LOADER CONCEPT PACKAGED 

(REAR & SIDE VIEWS) 
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STARBURST DEPLOYABLE PRECISION REFLECTOR 






STAR BURST” CONCEPT HAS POTENTIAL FOR DEPLOYING 
20 METER DIAMETER PRECISION DEFLECTOR 
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Semi-deployed Deployed Reflector 



STARBURST DEPLOYABLE PRECISION REFLECTOR 



3 RING REFLECTOR DEPLOYMENT SCHEME 


























CROSS-SECTION OF PACKAGED STARBURST REFLECTOR 
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Panel Thickness, in 
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